Other than traditional single-layer ionosphere models for global navigation satellite system (GNSS) receivers, the NeQuick-G model of Galileo provides a fully three-dimensional description of the electron density and obtains the ionospheric path delay by integration along the line of sight. While optimized for users on or near the surface of the earth, NeQuick-G can thus as well be used for ionospheric correction of single-frequency observations from spaceborne platforms. Based on slant and total electron content measurements obtained in the Swarm mission, the performance of NeQuick-G for users in low earth orbit is assessed for periods of high and low solar activity as well as different orientations of the orbital plane with respect to the sun and the region of high total electron content. A slant range correction performance of better than 70% is achieved in more than 85% of the examined epochs in good accord with the performance reported for terrestrial users. Likewise, the positioning errors can be notably reduced when applying the NeQuick-G corrections in single-frequency navigation solutions. For users at orbital altitudes, it is furthermore shown that vertical total electron predictions from NeQuick-G may be favorably combined with an elevation-dependent thick-layer mapping function to reduce the high computational effort associated with the integration of the electron density along the ray path for each tracked GNSS satellite.
Introduction
The use of GNSS receivers is nowadays a well-established technique for positioning, navigation and timing on satellites in low earth orbit (LEO) . At representative altitudes of 400-1400 km, these satellites are still located in the terrestrial service volume. The signal strength and visibility conditions are generally similar to those of terrestrial users and enable similar real-time navigation performances as well as geodetic-grade precise orbit determination in postprocessing (Montenbruck 2017) .
The orbital height of LEO satellites is typically at or above the ionospheric electron density maximum. As such, single-frequency receivers that are widely used for spacecraft platform operations with accuracy requirements of few to 10 m can benefit from reduced ionospheric path delays compared to receivers close to the surface of the earth. On the other hand, most of the real-time ionospheric correction models for terrestrial single-frequency GNSS users (Klobuchar 1987; Jakowski et al. 2011; Yuan et al. 2019 ) cannot directly be applied for space users. These models are typically designed to provide a global description of the vertical total electron content (VTEC) based on a limited number of parameters that are updated routinely based by the service provider. The slant total electron content (STEC) and thus the range delay in these models are then obtained by multiplication with an elevation-dependent mapping function based on a single-layer, thin-shell approximation.
For LEO users, the common ionospheric correction models lack an altitude-dependent description of the total electron content above the orbit as well as a suitable mapping function that accounts for the structure of the ionosphere at altitudes of 400 km and up. This is illustrated in Fig. 1, which shows examples of electron density profiles for regions of high and low total electron content. Obviously, a thin-layer approximation is no longer meaningful for users above the peak height, where the electron density 13 Page 2 of 12 shows a roughly exponential decrease with altitude. Likewise, the variation of electron density with altitude does not allow to establish a generic model for the VTEC(h)/ VTEC(h = 0) ratio of space-and ground-based total electron content that might be used to scale the predictions of terrestrial ionosphere models. While efforts have been made by some authors to use an adjustable VTEC scale factor (Montenbruck and Gill 2002; Hwang and Born 2005; Kim and Kim 2018) , this approach is restricted to Kalman-filter based real-time navigation systems and cannot be used for the computation of pseudorange-based instantaneous position fixes. The same restriction applies for the use of a ionospheric-free code-carrier combination (Yunck 1993; Hwang and Born 2005; Montenbruck and Ramos-Bosch 2008; Bock et al. 2009 ) that can offer an almost complete compensation of ionospheric path delays in single-frequency navigation, but requires estimation of the unknown carrier phase ambiguities for each tracked satellite as part of the orbit determination process.
As an alternative to two-dimensional VTEC models, three-dimensional models of electron density lend themselves as an alternative for space users. By integrating the time-and location-dependent electron density along the ray path, the STEC can be determined for arbitrary user locations and viewing directions with no restrictions to the altitude of the receiver and the receiver-to-GNSS satellite geometry. Among the present and emerging GNSSs, Galileo is the first and only system that has adopted such a model for ionospheric correction in single-frequency positioning.
The NeQuick-G model (EC 2016) provides a three-dimensional description of electron density as a function of time, longitude, latitude and height as well as small set of ionospheric correction parameters that are continuously updated by the ground segment and transmitted to the Galileo users as part of the navigation message. Routine transmission of NeQuick-G ionosphere parameters started in April 2013 after launch of the first four in-orbit validation (IOV) satellites (Prieto-Cerdeira et al. 2014) . The NeQuick-G model is targeted to reduce the residual ionospheric slant TEC error to less than 30% of the total STEC, or at least 20 TEC units (TECU), with a 1σ (68%) probability over all observations (Prieto-Cerdeira et al. 2010; EC 2016) . Tests ranging from the 2014 solar maximum to near minimum conditions (Orus Perez et al. 2018 ) have shown that the NeQuick-G model can in fact achieve the desired 70% correction capability in more than 80% of all cases and enables a 10-20% reduction of positioning errors compared to the Klobuchar model of GPS (Orus Perez 2017) .
Based on the encouraging performance for terrestrial users and the three-dimensional nature of the NeQuick-G model, the present study assesses the STEC correction capability and positioning performance for spaceborne users based on comparison with measurements from a representative LEO satellite mission. Following this introduction, the basic concepts and properties of NeQuick-G are presented, and specific aspects of its application in low earth orbit are discussed. Thereafter, a summary of data and auxiliary products used in this study is provided. The actual data analysis and associated results are presented in the subsequent sections. These provide an evaluation of the STEC modeling performance of NeQuick-G in low earth orbit and the single-frequency positioning performance when using the full NeQuick-G STEC model. Finally, ionospheric mapping functions for spaceborne users are discussed and the positioning performance for a simplified slant TEC model is assessed, which uses the NeQuick-G VTEC along with a thick-layer mapping function.
NeQuick-G model description and LEO application
NeQuick denotes a group of semiempirical, three-dimensional models for "quick" ionospheric electron density and total electron content (TEC) computation, which were developed by the Institute of Meteorology and Geophysics of the University of Graz and the Abdus Salam International Centre for Theoretical Physics, Trieste (Hochegger et al. 2000; Radicella and Leitinger 2001) . Next to the original NeQuick-1 model, a refined NeQuick-2 version (Nava et al. 2008 ) and the Galileo-specific NeQuick-G (EC 2016) have been released, which differ among others, in certain aspects of the top and bottomside density profile. The vertical electron density distribution within the NeQuick models is generally described through a set of semi-Epstein layers (Rawer 1982) , which are matched to the peak points of the E, F 1 , and F 2 layers of the ionosphere. Each of the layers is described by its peak density and associated height as well as bottom and topside thickness parameters. Within the NeQuick models, these values are related to various ionosonde parameters, such as the critical frequency f 0 F 2 and the transfer parameter M3000(F 2 ) . Global maps of median values for these parameters were determined by the International Telecommunications Union (ITU) and its predecessor, the Comité Consultatif International des Radiocommunications (CCIR), based on actual measurements and represented in the form of a spherical harmonics approximation (Jones and Gallet 1962) . These monthly ITU/CCIR maps serve as basis for describing seasonal, time-of-day, and geographic variations of the electron density in the NeQuick models.
Slant total electron content (STEC) in NeQuick is obtained by numerical integration of the electron density along the line of sight between the GNSS satellite and receiver. This requires computation and evaluation of the height-dependent electron density profiles above numerous foot points of the signal path and results in a computational effort that notably exceeds that of alternative two-dimensional ionosphere models (Klobuchar 1987 , Hoque 2019 ). On the other hand, the three-dimensional nature of NeQuick imposes no height limitation and extends the range of application from the near-earth environment to spaceborne users.
Within NeQuick-1 and NeQuick-2, the dependence on solar activity is described through the F 10.7 solar radio flux at 10.7 cm wavelength (in 10 -22 Wm −2 Hz −1 ) or, equivalently, R 12 , the average sun spot number. In NeQuick-G, this parameter is substituted by the effective ionization level where a i0 ,a i1 , and a i2 denote the ionospheric coefficients, which are broadcast as part of the navigation message (EU 2016). They are routinely determined within the Galileo ground segment by fitting the NeQuick-G model to STEC observations from a global ground station network. The modified dip latitude in the above equation depends on the receiver's location. It is related to the geographic latitude and the magnetic inclination I through the defining relation
The magnetic inclination or dip is the angle of the geomagnetic field relative to the horizontal plane at the receiver position and is obtained in NeQuick-G from a suitable (1) Az = a i0 +a i1 +a i2 2 (2) tan( ) = I √ cos( ) magnetic field model using interpolation of tabulated values for a global grid of longitude/latitude points. By adjusting three independent parameters ( a i0 , a i1 , a i2 ) to the ionospheric observations, the Galileo NeQuick model achieves a better global representation of the total electron content than would be possible with just a single Az value for all locations. The comprehensive NeQuick-G algorithm description is provided in EC (2016) for users of the broadcast ionosphere parameters. A C++ software implementation of the model was developed by the present authors based on this specification and validated against the test cases given therein. For full consistency with the reference solutions, the Kronrod method from Annex F of EC (2016) was used for numerical integration of the electron density rather than the Gauss integration proposed in Sect. 2 of the same document. For completeness, we note that a reference software implementation of NeQuick-G is made available by the European Space Agency to registered and approved users as part of the European space software repository (https ://essr.esa.int/proje ct/ nequi ckg-galil eo-ionos pheri c-corre ction -model ).
Other than NeQuick-1 and NeQuick-2, which directly use the solar flux or sun spot number as a proxy of the solar activity and associated level of ionization, the site-dependent effective ionization level Az must be evaluated when using the Galileo version of the NeQuick model. Az is not updated with the dip latitude along the line-of sight but fixed to the value of at the receiver location. When applying NeQuick-G for space users, the conceptual problem of how to find the proper effective ionization level at altitudes well above the surface of the earth arises. Within NeQuick-G, the geographic variation of Az is described by (1), and the ionospheric coefficients ( a i0 , a i1 , a i2 ) are designed to provide the best overall match of observed and modeled STEC values for users on or near the surface of the earth. In the absence of practical recommendations in the NeQuick-G specification (EC 2016), two different approaches can be imagined for LEO receivers:
(a) The modified dip latitude for use in (1) is evaluated based on the geographic coordinates of the point at which the ray path from the GNSS satellite through the spaceborne receiver intersects the surface of the earth or comes closest to it. (b) The modified dip latitude is evaluated based on the instantaneous geographic longitude and latitude of the spaceborne receiver.
The first option is based on the consideration that the resulting Az provides the best prediction of the entire ground-to-GNSS slant TEC value and the assumption that the same would hold for the fractional STEC between the LEO receiver and the GNSS satellite. The second option, in contrast, is conceptually and computationally simpler, but cannot be expected to provide optimal results. Practical tests conducted with both formulations show only minor overall differences in the correction performance for a spaceborne user and, surprisingly, indicate a slight benefit for the second option. In view of this finding and the overall simplicity, we, therefore, applied option (b) in all analyses presented below.
Data Sets
The NeQuick-G performance analysis for spaceborne GNSS receivers is based on data from the Swarm-C satellite. Swarm is a small-satellite constellation devoted to studies of the earth's magnetic field and atmosphere (Friis-Christensen et al. 2008) . The three satellites orbit the earth in polar orbits of 87° inclination with mean altitudes of 480 km (Swarm-A and Swarm-C) and 520 km (Swarm-B) near the start of the mission in early 2014. Since then, the altitude of the lower pair has decreased by roughly 10 km per year.
The present analysis covers both a year of high solar activity (2014) and a year of low solar activity (2017). In each of these years, one day per month, i.e., day of year DOY 10, 40, …, 340, is processed to include orbits with different local time of ascending node (LTAN). As a result of the earth's motion around the sun and the inertial drift of the orbital node, the LTAN of Swarm-C changes by roughly 40° (or 2.7 h) per month and therefore completes a full 24 h in about 9 months (Sieg and Diekmann 2016) . For LTAN values near 2 h and 14 h the orbit passes through the electron density maximum of the ionospheric bulge, while the orbit is mostly confined to regions of low electron density for LTAN ~ 8 h and 20 h (Fig. 2) . With respect to geomagnetic activity, most test days represent quiet conditions with planetary K p indices of 3 or less. In 2014, peak values of K p = 4 were only reached on two days (DOY 40 and 340). In 2017, increased geomagnetic activity was likewise encountered on two out of 12 test days. Here, K p attained maximum values of 5 (DOY 190) and 8 (DOY 250), respectively.
All Swarm satellites are equipped with dual-frequency GPS receivers that can track up to eight GPS satellites concurrently and support precise orbit determination (van den Ijssel et al. 2015) as well as other science goals. They also serve as a basis for the Level-2 total electron content (TEC) product (Kervalishvili 2017) , which provides observed slant TEC (STEC) and vertical TEC (VTEC) for the three Swarm satellites. STEC is obtained from the L1-L2 difference of code-leveled carrier phase observations after compensation of differential code biases as described in Noja et al. (2013) . Differential code biases (DCBs) of the GPS are compensated in the TEC product generation using published values from the International GNSS Service (IGS), while receiver DCBs are estimated as part of a STEC-to-VTEC mapping with the thick-layer mapping function of Foelsche and Kirchengast (2002) .
Ionospheric correction parameters a i0 , a i1 , and a i2 , for computing the effective ionization level Az of the NeQuick-G model, are transmitted as part of the Galileo navigation message (EU 2016) and are generally included in the header of RINEX (Receiver INdependent EXchange format; IGS/ RTCM 2019) navigation files collected by the IGS. Given the limited data coverage in early years of the IGS multi-GNSS network (Hoque et al. 2019 ), we made additional use of raw navigation data from the COperative Network for GNSS Observations (CONGO, Montenbruck et al. 2011) to retrieve the respective parameters for the year 2014. It may be noted that ionospheric correction parameters may be updated more often than once per day in the Galileo navigation message, but only one randomly chosen set of daily values is typically made available in archived RINEX navigation data files. Accordingly, all tests reported in this work have been performed with just a single set per test day. No systematic quality assessment of sub-daily parameter sets has been done, but the impact of more frequent updates can be expected to be well within the overall uncertainty bounds of the NeQuick-G model and the scatter of ionospheric parameter estimates by the Galileo ground segment.
GPS measurements in the RINEX observation format are independently used within the present study to compute pseudorange-based single-point positioning (SPP) solutions of Swarm-C on the days of interest with different types of ionospheric corrections. Precise GPS orbit and clock solutions for this purpose are provided by the CODE Analysis Center of the IGS (Dach et al. 2018) . Group delay parameters for the signal-specific transformation of satellite clock offsets are taken from the IGS multi-GNSS DCB product of DLR (Montenbruck et al. 2014) .
For comparison of the positioning performance with and without NeQuick-G corrections, pseudorange-based singlepoint positioning (SPP) solutions are compared against the precise science orbits (PSOs) of van den Ijssel et al. (2015) . The PSOs are based on a reduced dynamic orbit determination using dual-frequency carrier phase observations and exhibit a representative 3D RMS accuracy of better than 5 cm, which is at least an order of magnitude better than that of the code-based single-point positioning solutions.
Slant TEC
The NeQuick-G model is expected to achieve a difference of less than 30% between observed and modeled slant TEC values or a maximum error of 20 TECU for small STEC for terrestrial users around the globe in at least 68% of all cases, when fed with the Galileo broadcast parameters (Prieto-Cerdeira et al 2010; Orus Perez et al 2018) . When evaluating the performance for spaceborne users, we likewise consider the same 30% relative error criterion but need to consider that STEC at the orbital altitude of the Swarm satellites is typically about one-half of the ground-based values. Therefore, we make use of a more stringent threshold of 10 TECU for the accepted absolute error at low STEC values.
Scatter plots of modeled vs. observed slant TEC values along the Swarm-C orbit for selected days in 2014 (high solar activity, left column) and 2017 (low solar activity, right column) are shown in Fig. 3 . In accord with the coverage of the Swarm-C TEC product, all sample points are restricted to lines of sight above 20° elevation. Graphs in the top row represent cases in which the orbits pass through the ionospheric density maximum (Fig. 2) . The lower row, in contrast, represents cases of high sun elevation above the orbital plane, where the Swarm-C satellite is mostly confined to regions of low electron density. Overall, the data points exhibit a balanced distribution around the symmetry line, even though systematic scaling errors in the NeQuick-G model can be recognized on individual days. These are most obvious in the year of low solar activity, where the model predictions appear to underestimate the actual STEC variation at daytime and low-latitude, i.e., in the vicinity of the ionospheric bulge. A degraded quality of NeQuick-G predictions at low-latitude regions, as compared to other regions, has earlier been noted in comparison of ground-based STEC observations as well as VTEC values from altimetry satellite missions (Hoque et al. 2019) , which correlates with the present findings for a spaceborne GPS receiver.
Despite these obvious imperfections, most sample points fall within the corridor that marks a targeted error of less than 30% or 10 TECU.
To assess the NeQuick-G correction capability on a statistical basis, we follow the approach of Prieto-Cerdeira et al. (2014) and define the relative model error as the root sum square (RSS) of the relative error of the predicted STEC values over all samples. A dedicated 33 TECU limit is introduced to scale the relative error to 30% at 10 TECU model error for reference TECs below 10 TECU. The complementary value, 1 − , describes the "correction capability", i.e., the relative amount of ionospheric path delay that is removed when applying the NeQuick-G model.
The cumulative distribution of relative model errors obtained in this way is shown in Fig. 4 for the two years considered in the study. A relative error of less than 30%, or in other words, a 70% correction capability is achieved for 87% of all observations in a year of high (2014) solar activity and 98% in a year of low (2017) terrestrial users reported in Prieto-Cerdeira et al. (2010) and Orus Perez et al. (2018) and suggests that NeQuick-G can indeed be used to successfully correct ionospheric path delays in single-frequency GNSS positioning of orbiting platforms.
Positioning performance
Using GPS observations and precise reference orbits of the Swarm-C satellite (van den Ijssel et al. 2015), we evaluate the accuracy of single-frequency SPP solutions with and without NeQuick-G corrections to assess the potential benefit of the model for LEO satellite navigation. For further reference, corresponding results are provided for SPP solutions using the ionosphere-free linear combination of L1 and L2 pseudoranges. To best reveal the impact of different ionospheric corrections on the positioning accuracy, precise GPS orbits and clock offset products are used in the computation of the SPP solutions instead of broadcast ephemerides. As such, all solutions are essentially free of signal-in-space range errors. These amount to roughly 0.5 m in the present GPS constellation and add to the user equipment errors such as receiver noise and multipath in an RSS sense (Montenbruck et al. 2018). All results are based on a 10° elevation mask, which is representative of actual space receiver configurations in missions with zenith pointing antennas and includes more low elevation observation than the STEC comparison presented in the previous section.
Throughout the Swarm mission, various configuration changes related to carrier phase smoothing, tracking loop bandwidths, and elevation mask have been applied to the GPS receivers (van den Ijssel et al. 2016) , which impact the achievable SPP performance. Individual C/A-code and P(Y)-code pseudoranges of the Swarm GPS receiver exhibit an average noise level of about 15 cm in early 2014 but roughly 40 cm in 2017. A three times higher noise level of roughly 0.5 m and 1.2 m applies for the ionosphere-free combination of L1 and L2 pseudoranges in the respective years. At a representative position dilution of precision of 1.5 (2017) to 2.0 (2014), dual-frequency, single-point solutions of the Swarm satellites can thus attain a representative accuracy of 1.0-1.8 m when working with precise GPS ephemerides.
A timeline of single-frequency position errors for a 12 h sample data arc on April 10, 2014, is shown in Fig. 5 . Without correction, RMS position errors of 6.3 m and peak errors of 28 m are obtained in an SPP solution based on L1 C/A-code pseudoranges. These errors reduce to 3.0 m and 11 m, respectively, when using the NeQuick-G model for the correction of ionospheric path delays. The model is particularly beneficial for the radial component, which is most sensitive to uncorrected path delays. As a rule of thumb, SPP solutions of orbiting receivers exhibit a mean radial bias of 5-7 times the uncompensated vertical delay for typical mask angles and elevation dependencies of the ionospheric delay (Garcia-Fernàndez and Montenbruck 2006) . For the given test data set, a mean radial bias of + 4 m can be observed, which changes to −1 m upon correction. Evidently, NeQuick-G overcompensates the actual path delays on average, but clearly removes the pronounced peak errors that arise once per revolution when the Swarm satellite passes the ionospheric density maximum.
In the case of an isotropic distribution of tracked satellites and a pure elevation dependence of the ionospheric path delays, the horizontal position is essentially unaffected by ionospheric errors and the NeQuick-G correction has likewise little or no effect on the horizontal position accuracy. While a small ( about 20%) error reduction can still be recognized for the along-track component in the given test case, the error in the cross-track component is dominated by receiver noise and largely unaffected by ionospheric path delay errors.
A comparison of SPP errors for the selected test dates in 2014 and 2017 is provided in Fig. 6 . The benefit of using NeQuick-G for correction of ionospheric delays in single-frequency positioning is most obvious in 2014, the year of high solar activity where the position errors can be reduced by a median value of 51%. In 2017, ionospheric path delays were notably smaller and the application of NeQuick results in a less pronounced, 17% median, reduction of the total positioning error. It is noteworthy, though, that the positioning errors of the NeQuick-G-corrected single-frequency solution turn out to be even slightly smaller in this year than those of the dual-frequency solution. The latter suffers from an increased noise level of the ionosphere-free combination, which slightly exceeds the contribution of NeQuick-G model errors during low solar activity.
Ionospheric mapping function for low earth orbits
For simplified modeling of ionospheric path delays, the slant total electron content (STEC) can be described by the product of the location-dependent vertical electron content (VTEC) and a mapping function m(E) that depends only on the elevation E of the line of sight from the receiver to the GNSS satellite:
Assuming the idealized case of a spherically symmetric atmospheric shell of constant density and thickness h above a user at orbital radius r , the corresponding mapping function is given by 10  40  70  100  130  160  190  220  250  280  310  340  10  40  70  100  130  160  190  220  250  280  310 ( Fig. 7) . Substituting the identity (r + h)cosE � = r cosE , the equivalent expressions and are obtained, which were independently suggested by Spilker (1996a,b) and Foelsche and Kirchengast (2002) for ionospheric and/or tropospheric path delay computation. Following its early use within the COSMIC project (Syndergaard 2007; Yue et al. 2011) , the F&K mapping function has been widely employed by the GPS radio occultation community for ionospheric TEC retrieval and differential code bias estimation in LEO missions (Noja et al. 2013; Wautelet et al. 2017; Watson et al. 2018; Li et al. 2019) . Proposed values for the thickness h of the topside shell depend on the LEO satellite altitude and range from about 400-1000 km, and a thickness of twice the scale height is recommended in Foelsche and Kirchengast (2002) . For the generation of the Swarm TEC product, the F&K mapping function is used with a thickness of h = 400km (Kervalishvili 2017).
For h∕r = 0.037 , which corresponds, for example, to a shell height of 250 km at an orbital altitude of 450 km Tancredi et al. 2011) , the F&K mapping function attains the specific form which was first proposed by Lear (1989) for ionospheric correction of single-frequency GPS data of spaceborne receivers in the context of the US Space Station program.
As described in Garcia-Fernàndez and Montenbruck (2006) , the Lear mapping function closely matches the STEC/VTEC ratio at 450 km altitude for a Chapman density profile with 75 km scale height and peak electron density at 300 km altitude. Like the more generic F&K mapping function, the Lear mapping function has been widely employed for ionospheric correction of GPS observation from individual spacecraft as well as satellite formations (Garcia-Fernàndez and Montenbruck 2006; Tancredi et al. 2011) .
A comparison of the Lear and F&K mapping functions, as well as thin-shell ionospheric mapping functions for LEO applications, is given in Zhong et al (2016) . Overall the value of the mapping function at low elevation remains closer to one for increasing shell height and the dependence of the mapping function on the shell height is smaller for thick-shell models than for thin-shell models. To assess the overall realism of the slant TEC factorization in (4), the STEC/VTEC ratio as computed with the NeQuick-G model for Swarm-C is compared with the F&K mapping function in Fig. 8 . Individual data points represent the STEC/VTEC ratio for the GNSS satellites observed by Swarm-C on the selected test days of 2014 and 2017 covering an elevation range of 20°-90°. The elevation-dependent median value of the distribution best matches the F&K thick-shell mapping function when assuming a thickness of about 900 km. For comparison, roughly 5% larger STEC/VTEC ratios are predicted by the F&K model for the 400 km shell height as adopted by Kervalishvili (2017) . A notable scatter of the modeled STEC/VTEC ratios around the median value may be recognized from the 5th and 95th percentile lines in Fig. 8 , which correspond to values of about 15-25% below and 30-50% above the median. The scatter largely reflects the fact that the actual slant TEC does not only depend on elevation but also varies with the azimuth angle of the line of sight. These variations can largely be attributed to horizontal gradients in the NeQuick-G electron density, which are not considered by the simplified STEC description of (4). On average over all data points, the NeQuick-G STEC/VTEC ratio shows a 1σ scatter of about 25% with respect to the F&K mapping function. Accordingly use of a mapping function along with the local VTEC instead of the full, threedimensional NeQuick-G model can be expected to result in a 25% degradation of the slant TEC modeling capability for spaceborne users. Positioning performance with simplified NeQuick-G Even though a key benefit of NeQuick-G over other models lies in the fully three-dimensional description of the ionosphere, this advantage comes at the expense of a notably higher algorithmic complexity and computational load. Compared to ten equations that need to be evaluated for a single slant delay computation in the Klobuchar model of GPS (Klobuchar 1987 , GPS Directorate 2019 , the NeQuick-G specification comprises a total of 200 equations. Further more, these need to be evaluated independently for each grid point along the line of sight when integrating the slant TEC between the GNSS satellite and the receiver. Computation of a single NeQuick-G slant TEC value takes about 1 ms on a desktop computer, but ten, or even a hundred, times larger values may apply for less-capable processors as used in representative space-hardened GNSS receivers. Compared to the evaluation of broadcast ephemerides and the computation of a least squares position solution without ionospheric correction, a more than 20-fold increase in computation time is observed with the present software implementation when incorporating the NeQuick-G model for slant delay computation. While receivers for terrestrial applications may evaluate the NeQuick-G model at a much lower update rate than the actual navigation solution to reduce the net computational load, the rapid motion of orbiting platforms mandates an update of the STEC values at each epoch. With this background, simplified modeling using the slant TEC factorization into VTEC and mapping function as described in the previous section becomes of particular interest for the use of NeQuick-G in space applications. In the simplified formulation of (4), VTEC needs to be computed only once at the instantaneous user location and the evaluation of the mapping function (6) for each observed satellite represents a negligible effort. Accordingly, the computational load can be reduced by a factor equal to the number of satellites processed in the navigation solution. Obviously, this benefit comes at the expense of a degraded correction capability and reduced positioning accuracy.
A comparison of Swarm-C positioning accuracies obtained with the full and simplified formulation is provided in Fig. 9 for the selected test dates in 2014 and 2017. Evidently, the simplified model exhibits a reduced performance but still offers a 40% median correction in 2014 as may be expected from the quality of the mapping function discussed in the previous section. On the other hand, the use of the simplified NeQuick-G model during periods of low solar activity as in 2017 may even result in a degradation of the positioning accuracy compared to an uncorrected singlefrequency solution. 10  40  70  100  130  160  190  220  250  280  310  340  10  40  70  100  130  160  190  220  250  280  310 
Summary and conclusions
The fully three-dimensional nature of the NeQuick-G electron density model enables ionospheric correction of singlefrequency GNSS observations at altitudes well above the surface of the earth. Using observed slant TEC values of the Swarm-C spacecraft, we have assessed the correction capability of the model for a low earth orbit satellite at an altitude of about 450 km. A better than 70% or, at least, 10 TECU correction is achieved for 87% of all observations in a year of high (2014) solar activity and 98% in a year of low (2017) solar activity. Positioning errors in the respective periods are reduced by 51% and 17% compared to an uncorrected singlefrequency solution. The results confirm that the effective ionization level Az of Galileo provides a suitable measure of total electron content for spaceborne receivers even though the ionospheric coefficients in the Galileo navigation message are optimized for use in terrestrial applications.
In view of the high computational effort implied by the complexity of the NeQuick-G model, a simplified formulation is studied, which factorizes the slant TEC into the product of the local vertical TEC above the user satellite and an elevation-dependent mapping function. A thick layer mapping function is shown to provide a reasonable approximation of the average STEC/VTEC ratio in the full NeQuick-G model and is therefore adopted in the simplified formulation. Depending on the actual number of simultaneously tracked GNSS satellites, the simplified model can offer an order of magnitude reduction in processing time. At high solar activity, a 40% reduction of position errors can be achieved in single-frequency solutions for Swarm-C with the simplified NeQuick-G model, but a slight degradation compared to uncorrected observations is observed during the low solar activity period. Nevertheless, the simplified formulation represents an interesting alternative for use in space receivers with limited resources and can provide reasonable corrections of ionospheric errors when needed most, i.e., at high solar activity. A decision on the use of a full implementation of NeQuick-G, the use of the simplified model or the use of uncorrected single-frequency observations can be taken at the receiver design stage or in actual operations depending on hardware capabilities and expected TEC values encountered in a specific mission. the MGEX Multi-GNSS Experiment. He is a fellow of the Institute of Navigation (ION) and received the ION Johannes Kepler Award in 2018.
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